A novel reconfigurable hybrid single electron transistor/MOSFET (SETMOS) circuit architecture, namely, reconfigurable pseudo-NMOS-like logic is proposed. Based on the hybrid SETMOS inverter/buffer circuit cell, reconfigurable pseudo-NMOS-like logics that can work normally at room temperature are constructed. This kind of reconfigurable logic can implement up to 2 n sorts of functions at n inputs with different configurations. It only consumes 1 PMOS transistor, 1 NMOS transistor and n SETs, which reduces logic-gate density and power consumption significantly.
Introduction
Single-electron transistor (SET) has become one of the promising candidates for very-large-scale-integrated (VLSI) circuits in the post-CMOS period of near future due to their ultra-low power consumption and ultra-small size [1] . However, because the SET fabricated by the current Si nanotechnology still suffered from thermal fluctuation at room temperature [2] , a hybrid solution based on SET and MOSFET (SETMOS) becomes a trend for the practical application of the SET [3, 4] . Compared to conventional MOSFETs, the hybrid SETMOS logic circuit have some different characteristics such as the properties of programmable [5] and reconfigurable. The reconfigurable logic based on the hybrid SETMOS has attracted a variety of research groups and many logics have emerged [6, 7] . Nevertheless, most of them concern the simple logic cell, few focus on more complicated universal architecture such as the pseudo-NMOS-like logic based on the hybrid SETMOS, which is similar to the pseudo-NMOS logic based on the pure MOSFETs. Moreover, among the community of the reconfigurable inverter/buffer cell, most of them pay attention to pure SET, few use the hybrid SETMOS cell, which is perhaps an obstacle to the development of the reconfigurable hybrid SETMOS logic circuit.
Reconfigurable pseudo-NMOS-like architecture
Similar to the pseudo-NMOS logic [8] as shown in Fig. 1 (a) , the hybrid SET-MOS logic is composed of serial PMOS&NMOS load and pull-down network (PDN) formed by pure SETs. Fig. 1 (b) illustrates the generic structure of an n-input hybrid SETMOS logic element, which is composed of 1 PMOS, 1 NMOS and n SETs. The PMOS connects the NMOS serially, which plays the role of a pull-up load like the PMOS load of the pseudo-NMOS logic and acts as the supply current and voltage. Like H. Inokawa's circuits [9] , the NMOS with a fixed gate bias of V ng is used here to keep the SET drain voltage almost constant at V ng -V th , where V th is the NMOS threshold voltage. The PMOS and the NMOS are set with W < L to attain enough low V ng -V th to sustain the Coulomb blockade condition. The n SETs connect in serial or parallel ways with each other and form a PDN to carry out the corresponding function. It is shown that the hybrid SETMOS logic is much like to the pseudo-NMOS logic not only in form but also in function it performs, therefore, the hybrid SETMOS logic is named pseudo-NMOS-like logic in this letter. Because of the body-bias (V b ) effect [6] of the SET, the phase of Coulomb oscillation of the SET will shift, especially, the phase will shift apropos a half cycle by adjusting the parameters of the SET. Based on this principle, a hybrid SETMOS reconfigurable inverter/buffer cell is proposed in Fig. 1 (c) .
The cell is composed of 1 PMOS, 1 NMOS and 1 SET. The PMOS connects the NMOS serially, which plays the role of a pull-up load and acts as the supply current and voltage. The drain node of the SET connects the NMOS, the source node of the SET connects ground directly. The input In connects the gate capacitor C g of the SET, the control signal Ctl1 connects the bias capacitor C ctl of the SET as body-bias voltage, the output Out pulls out from the source node of the PMOS. 
The simulation model and circumstance are exactly the same to the ones in section 3, and the simulation temperature is 300K. Especially, according to the temperature and the parameters of the SET,
where C Σ is the overall capacitance of the SET and k B is the Boltzmann's constant, namely, the charge energy of the SET is much larger than the available thermal energy to avoid disturbance of the external heat source on the entire the SET at room temperature. It indicates that our proposed circuits accord with the requirements [1] of the SET for working normally and the macromodel [10] completely, i.e., our proposed circuits can work normally at room temperature. Fig. 1 (d) shows the detailed timing diagram of the reconfigurable inverter/buffer cell, the time variations of the control signal Ctl1, the input signal In and the output signal Out are given by the first, second and third panel, respectively. According to the body-bias effect, if control signal Ctl1 is biased with 0 V (gnd), namely, Ctl1 = "0", the SET in the cell is in Coulomb blockade and the cell switch is off when In is "0", and then Out is "1"; the SET in the cell is in the conduction state and the cell switch is on when In is "1", and then Out is "0"; in such circumstances, the cell operates as a inverter. If control signal Ctl1 is biased with 0.8 V (V dd ), namely, Ctl1 = "1", the SET in the cell is in the conduction state and the whole cell switch is on when In is "0", and then Out is "0"; the SET in the cell is located Coulomb blockade and the cell switch is off when In is "1", and then Out is "1"; in such circumstances, the cell operates as a buffer. In conclusion, this cell can be configured as a inverter or buffer by just adjusting the voltage of Ctl1.
Based on pseudo-NMOS-like logic and the reconfigurable inverter/bffer cell, we propose a reconfigurable pseudo-NMOS-like logic architecture which includes n-input any parallel&serial hybrid logic as shown in Fig. 1 (e) and Fig. 1 (f) . Fig. 1 (e) illustrates the generic structure of n-input reconfigurable pseudo-NMOS-like logic element, which is only added n control lines based on pseudo-NMOS-like logic element to obtain more functions in the same circuit, and it can obtain up to 2 n functions in a circuit and will reduce area enormously. Fig. 1 (f) shows a concrete example of the generic structure, namely, a 3-input reconfigurable parallel&serial hybrid pseudo-NMOS-like logic element. In this element, the PDN comprises 3 SETs, two of them connect each other serially, and then connect the third one in parallel, which can represent any form of a n-input network. The structures and parameters of PMOS, NMOS and SET are exactly the same to the inverter/buffer cell. According to the theory of the pseudo-NMOS logic, the outputs of this 3-input reconfigurable element should be as follows:
In addition, driving capability is a key parameter of a logic device and should be considered. Generally, driving capability have two aspects, one is the driving capability of multi-level structure, the other is the driving capability of multi-fan-out structure. For investigating the driving capability of the reconfigurable pseudo-NMOS-like logic, we design multi-level and multi-fan-out structures. Fig. 2 (a) shows the n-level reconfigurable pseudo-NMOS-like logic element based on the representative N-input reconfigurable pseudo-NMOS-like logic gate, which is comprised of (N n−1 + N n−2 + · · · + 1) N-input reconfigurable pseudo-NMOS-like logic gates. The first level have N n−1 N-input reconfigurable pseudo-NMOS-like logic gates, N n inputs and N n−1 outputs, then the outputs of the first level act as the inputs of the second level, and so on. Finally, the (N n−1 + N n−2 + · · · + 1) N-input reconfigurable pseudo-NMOS-like logic gates form the n-level reconfigurable pseudo-NMOS-like logic element. Fig. 2 (b) shows a N-input reconfigurable pseudo-NMOS-like logic gate with n fan-out N-input reconfigurable pseudo-NMOS-like logic gates. The structures and parameters of PMOS, NMOS and SET in the multi-level and multi-fan-out circuits are exactly the same to the inverter/buffer cell.
Experiments and discussion
SET-based circuits are normally simulated using the Monte Carlo-based method such as SIMON [11] and SECS [12] , however, these simulators are extremely time consuming for large circuit simulations and does not offer a cosimulation environment with MOSFET devices. A compact macromodel [10] based on SPICE method, whose correctness and precision have been verified by both Monte Carlo simulator SIMON [11] and other simulation experiments [13] , can be used to co-simulate the hybrid SETMOS circuit effectively. Thus, throughout this letter, the compact macromodel is used for SETs and the BSIM4.0 model is used for MOSFETs, and all simulations are conducted using SPICE simulator of Synopsys Inc based on the 16-nm CMOS technology. Fig. 3 shows the detailed timing diagram of this 3-input reconfigurable pseudo-NMOS-like logic element, the top three panels indicate time variation of the input signals A, B and C. From the 4th to the 11th panel, the element achieve the functions of "A · B + C", "A · B ·C", "(A+B)·C", "(A+B)·C", "
(A + B) · C", "(A + B) · C", "(A + B) · C" and "(A + B) · C" when "Ctl1
Ctl2 Ctl3" is set to "000", "001", "010", "011", "100", "101", "110" and "111", respectively. From Fig. 3 , it is obvious that the simulation results are consistent with the analysis in section 2.
To evaluate the reconfigurable logic elements, we investigate several intrinsic parameters such as function, power, delay and voltage swing of these cells, and the effect of temperature (T ) variation, simulation results are shown in Table I (a). The delay is calculated by t p = (t pLH +t pHL )/2 [8] , the power is calculated using [8, 14] , and the frequency is set to 10 MHz. These elements may have longer delay than that of a common MOSFET circuit, however, it is more area&power efficient, and significantly increases the number of functions. Thus, this longer delay is acceptable. Generally, the circuits based on the pure MOSFETs can work normally at 233∼358K, which is the range of industrial standard temperature. We investigate the effect of 2 limit temperatures such as 240K and 360K to guarantee the reconfigurable pseudo-NMOS-like circuits we propose can work normally at the range of industrial standard temperature and will be compatible with the existing MOSFETs technology. As shown in Table I (a), the voltage swing will decrease when the temperature increases, and the delay will increase when the temperature increases. Especially, the power dissipation will decrease when the temperature increases, which contradicts to the usual CMOS circuits. However, it is consistent with the trend of the power of the pseudo-NMOS circuits because our proposal circuits and pseudo-NMOS circuits are the same type ones.
We simulate and analyze the voltage swings of the 1, 2, 3 and 8 level logic circuits as shown in Fig. 2 (a) which are made up of the 3-input reconfigurable parallel&serial hybrid pseudo-NMOS-like logic element as shown in Fig. 1 (f To compare our work with the CMOS logic and the pseudo-NMOS logic based on pure MOSFET, we investigate the key performance parameters in terms of power dissipation and area. We use the same technology, namely, a 16-nm MOSFET transistor to simulate the behavior of the MOSFET transistors with eight kinds of logics such as " Table I (d). As far as power dissipation is concerned, it can be seen that the value of the reconfigurable pseudo-NMOS-like logic we propose is about 1/5 of the CMOS logic and about 1/59 of the pseudo-NMOS logic when implementing the same function. With regard to the area, to implement all the 8 functions, the CMOS logic uses up 68 MOSFETs, the number for the pseudo-NMOS logic is 52, while our logic only consumes 2 MOSFETs, 3 SETs, and 3 control lines.
Obviously, our proposed reconfigurable pseudo-NMOS-like logic architecture can be extended to any n-input reconfigurable pseudo-NMOS-like logic circuit, which can achieves 2 n functions by only using 1 PMOS, 1 NMOS and n SETs. Table I (e) shows comparison of devices, control lines and functions of such logic element based on different technologies. One can see that our hybrid SETMOS structure is more area&power efficient.
Conclusion
In this letter, a novel reconfigurable pseudo-NMOS-like logic architecture based on hybrid SETMOS is proposed. A representative 3-input logic element on the basis of this architecture is illustrated at room temperature, and its power, delay and voltage swing are evaluated. This architecture can be extended to any n-input reconfigurable pseudo-NMOS-like logic, and each logic element can implement up to 2 n kinds of functions with different configurations by only using 1 PMOS, 1 NMOS and n SETs, which significantly reduces area and power consumption. The reconfigurable pseudo-NMOSlike architecture can be applied to applications such as functional memory
